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COMPUTATIONAL BRITTLE FRACTURE USING
SMOOTH PARTICLE BYDRODYNAMICS

D. A. Mandell, C. A. Wingate, and L. A. Schwalbe
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We are developing statistically based, brittle-fracture models and are implementing
them into hydrocodes that can be used for designing systems with components of
ceramics, glass, and/or other brittle materials. Because of the advantages it has
simulating fracture, we are working primarily with the smooth particle
hydrodynamics code SPHINX. We describe a new brittle fracture model that we
have implemented into SPHINX. To illustraic the code's current capability, we
have simulated a number of experiments. We discuss three of these simulations in
this paper. The first experiment consists of a brittle stecl sphere impacting a plate.
The experimental sphere fragmeit patterns are compared to the calculations. The
second experiment is a steel flyer plate in which the recovered steel target crack
patterns are compared to the calculated crack patterns. We also briefly describe a
simulation of a tungsten rod impacting a hcavily confined alumina target, which
has been recently reported on in detail.

INTRODUCTION

Brittle materials are used in many defense applications. Certain annors have
ceramic clements, for example. Underground bunkers consist of rock and concrete,
and windshields in trucks, jeeps, and helicopters are made of glass Any
hydrocode used in the design or in the peiformance assessment of systems like
these must accurately madel the strength and fracture properties of hrittle
materials. ‘Tho results of a hydrocodo simulation depend on several factors
including the particular way its fracturc model is implemented. In general, fracturc
modcls must be tailored to the type of code-Lugrangian, Euletian, or smooth
particle hydradynamics (SPH)-so that physically cealistic cracks result in the
context of the codo's numerical troatment. But even the same modal, implemented
into two hydrocodes of the same type but with different coding details, can
produce difTerent results,

Statistical fracture models should incorporate a number of features including 1)
the introduction of & random disttibution of flaws, 2) a differential equation for
evolving the local damage variable, 1) formulas for degrading the material strength,



for modifying the equation of state (EOS), and for relaxing the stress components
of the damaged material. and 4) methods for producing and representing cracks in
the computational mesh  All of these components are interdependent and must
funciion in mutually compatible ways if the experiments are 10 bc modcled
accurately.

Woe have chosen *0 use the SPHINX hydrocode for the presont studies SPHINX
is based on the smooth panicle hydrodynamics (SPH) formalism, which has
cerain advantages over other methods for modeling fracture. For example. once
the damage is calculated and the material properties degraded, SPH allows for the
natural insertion of voids SPH offers several additional bencfits  Unhike
conventional Lagrangian techniques, SPH avoids mesh tangling and is therefore
much more robust in its reatment of problems with large material distortions In
general, SPH is more computationally efficient than Eulenan codes, and it avoids
advection problems, such as numerical diffusion SPIH does have its own set of

problems including insubilities in tension!

To be useful as a design tool, a hydrocode, along with its material strength and
fracture models must be sble to predict a wids range of expenments Many
fracture models are able to simulate one-dimensional (1D) flyer plate experiments
accurately, but are unable W predict multi-dimensional data.  Some mudels are
accurate for a restricted set of geometries and boundary and initual conditions. but
not for others OQur goal, which we have not yet reached, is to provide a
hydrocode-based design tool with a mngle model for the strength and {racture of
bnttle materials that will accurately simulate a wide mnge of cxperiments and rcal
applications

The SPHINX code is well documented? and includes several of & number of
maodels that have becn proposed to simulate dynamic brittle fracture’8 We have
applicd SPHINX with its Cagnoux-Glonn model’8 10 simulate the impacts of
steal projectiles on glass? 1. The results of the simulations agreed reasonably
well with the global data, such as depth of penetration and the measuiementa of
the freo surflace velocity on the backmde of the target, but we woic unable to
match finer details of the crack patterns Nor were we able 10 predict other

experimaents with the model parameters that were successful in the glass-impact
sudy



THE FRACTURE MODEL

Benz and Asphaug (BA) developed two statistical fracture models®+4. We began
our investigations of statistical fracture with the model described in their more

recent work?, but in the process of implementing and testing the model in
SPHINX, we changed it to such an oxtent that it is no longer fair to attribute the
result to the original authors. We shall simply refer to our version as the smooth
particle hydrodynamics statistical fracture (SPHSF) model.

The most important differences between the SPHSF model and those published
by BA are the ways we seed the flawn and assign the flaw strengths or threshold
strass values at which the flaws initiate damage in their local particles. BA select
flaw strengths as uniform intervals on the domain of the Weibull distribution
function and assign the flaws to randomly selected particles. BA continue the
process of assigning flaws to particles until every particle containg at least one
flaw. In SPHSF, we begin with an empirical parameter that defines the average
number of flaws per unit volume We then calculate the number of flaws in cach
particle from a Poisson distribution using the particle volume and the average flaw
density. We adopted the new approach (o avoid having the final distribution of
flaws depending on the spatial rosolution of the problem. (Although to spare
computer memory, we typically limit the number of flaws in each particle to the
ten weakest.)

In principle, once the flaws are seeded we could use any statistical distribution for
assigning their strengths. However, we {ollow the precedent set by BA and use
the Weibull distribution although we use a slightly different functional form
Delails of our model have been recently presented'?

A scalar damage variable D is defined for each particle as the fraction of its volume
that is relivved of stress by the growing cracks.

Once wo compute tho damage, wo have to couple it back to the matcrial strength
and hydrodynamics calculations, The current verdon of SPHINX aliows us 1o
scale the yleld stress and/or shear modulus for each particle linearly between a
value corresponding to the intact material and a value corresponding (o the fully
fracwred material. In this work, wo use a constant shear modulus and let the yiold
stress deciease linearly (0 2ero ag the Jumage increases flom ze10 W one.

Finally, the codes must have a way to let the particles separate and form cracks
and materia) fragments.  Again, different rescarchers use different methods to
achieve particle sepuration 1€ a particle is fully damaged (D = 1.0), BA exclude



that particle from the SPH summations over the naghboring parucles  This
exclusion effecuvely disconnects the damaged particle from its neighbors

Other methods have been used to pioduce crack suuctures  Randles and
coworkers® disconnect their damaged particles by reducing the smoothing :ength
h To prevem adverse effects on the time step. they himit the reduction of h100 8
of its onginal value SPHINX can use either of these two methods When we use
the sum exclusion methad, we do so only when the sum of the pressures of the
damaged pamcle and that of its naghbors 15 negative This scheme allows
damaged panicles to resist compression but not tension.

STEEL SPIHIERE FRAGMENTATION

Expenments have been conducted of bnulc steel spheres impacted into PMMA
plates for a number of velocities and plate thicknessez’? Two x-ray positions
downstream of the plate recorded the sphere fragment pantems The x-ray was
adjusted so that the plate did not appicar in the x-ray SPHINX 1D calculatons of
two of these expenments. for a 3 38 mm thick plate. were made using the mode
descnbed above and an elasuc-petfectly plasuc mnatenal strength model For a
sphere veloaity of 3 0 km-sec, the sphere remained intact in the expenment The
SPHSF model paramotors were adjusted for this caso so that the sphere had only a
small amount of surface damage The 4 57 km-‘sec expenment was then simulated
The data and caladated sphere ffagment paticrns aie shown in Figines | and 2
(nat to scale) for the second x-nay posiion The dameter of the cxpenmental
devuris pattern was 46 mm and tho calculated diameter was 42 8 mimn As can be
scen from Fig 2. the calculated patiern has an umbrella shape, whercas the data i
planar Interestingly . v a thicker plato (1123 mm). the data was umbrella
shaped Grady ommatce that the sphere broke up into about 440 fragments In
the SPHINX calculations. there were only 1648 parucles in the sphere. so
calculauons with more resvluuon o nceded These calculations are under way
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Fig. 1. Experimental sphere fragment Fig. 2. Calculated fragment pattern.

pattern.

SPALL IN STEEL PLATES

Mock and Holt conducted a series of experiments in which they shot a steel flyer
plate at a steel target plate'® Tho target was recovered and sectioned so that the
pattern of spall cracks is visible. The experiments were conducted at four
velocities and for two different steel heat treatments. SPHINX has no model to
account for the heat treatiment, but experiments for onc heat treatment and two
velocities were simulated The SPHINX model for these calculations used the
Cagnoux-Glenn damage modol with a + 10% random variation in the threshold
stresy for the start of damage. The Johnson-Cook material strength model was
used and a linear Us-Up equation of state. A comparison of the experimental steel
platos and tho SPHINX rosults arc shown in Figurcs 3 and 4 The crack patterns
are in qualitative agreement, but differences in the details exist These two
dimensional cylindrical calculations show that SPHINX has a problem on the axis
fymmolry

Fig 3 Experimontal crack pattern Iig 4 SPHINX crack pattern



TUNGSTEN ROD IMPACTING HEAVILY CONFINED ALIMINA

We recently reporied on simulations of the crack panemns observed for a shont
umgsten rod impacting heavily confined alumuna'? Two dimensional plane strain
calculstions with 55,435 SPH parncles resulied in crack patterns in qualitanve
agreement w1 the experiment For an equally resolved 3D calculabon, sbout 13
million paricles would be required. which is beyond the current capability of the
machines we have The three-<Emensional calculations we made with about
300,000 pamucles gave poor results The two-<himensional calculanons
underpredicted the rod depth of penetraion. I'wo-dimensional calasauons with
26.638 panicles did not even qualiatively match the expenmental crack patiern
Details of the calculations and comparizons with the recoverad slumina crack
patterns are given in reference 12

CONCLUSIONS AND DISCUSSION

Smoath parucle hydrodynamic medhods have advamages over more raditional
hvdrocode mthods for fracture simulations so we have chosen to use this method
A number of fracture muodels have been implemented into the SPHINX SPH cude
Sinco 8 hydrocode must be able (o accurately smulaic 8 range of expcnments
before it can be used as a relisble dengn wol. we have evaluated these models and
the code by wmulaung a number of one-, two-, and three-<dimensional 1mpact
expenments

Compansons be.wcen the sxpenments and the calculauons are good 1n some cases
and only qualitatively correct in other cases Further work 13 needed in vrder for
the simulauons 10 maich detals of the experimentt One mudel and one set ol
model parameters wil cannot adequately simulate all o the expenments we have
eumned

Wae musat include a few commaents :n cloung about the tensle instabslity |-mh|cm‘

that has yct to be solved  SPHINX and other SPi1 codes exhibit a numencal
instability in regions of rension that tends to bunch parucies together The elfects
of the tensile inwabulity are somewhat problem dependent and are mutagated by
the reduction of the tondlc pressure dik to the damage_at BA have discusecd’
Moroove:. as wo and othors have observed, tho instabihity problem can be

6



significantly reduced by including more particles in the SPH sums We and others
are investigating methods to climinate this problem

Although further work is needed in both brinle fracture model development and in
the codes in order to design devices outside the range of current experience. the
codes are very useful 1n conjuction with expenimental results in explaining the
expeniments and as a to guide future experimental work
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